In two recent papers" 2 it has been suggested that the reaction of chymotrypsin with its substrates proceeds by way of three kinetically distinct steps. First there occurs a rapid initial "adsorption" of the substrate on the specificity site of the enzyme. The second step involves the acylation of a group on the enzyme by the acidic part of the substrate, with concomitant liberation of the nonacyl moiety. Finally the acylated enzyme is hydrolyzed to regenerate the free enzyme and liberate the acidic part of the substrate.
INTRODUCTION
In two recent papers" 2 it has been suggested that the reaction of chymotrypsin with its substrates proceeds by way of three kinetically distinct steps. First there occurs a rapid initial "adsorption" of the substrate on the specificity site of the enzyme. The second step involves the acylation of a group on the enzyme by the acidic part of the substrate, with concomitant liberation of the nonacyl moiety. Finally the acylated enzyme is hydrolyzed to regenerate the free enzyme and liberate the acidic part of the substrate.
The following extension of the Michaelis-Menten scheme is both necessary and sufficient to account for all the experimental evidence concerning chymotrypsincatalyzed reactions, except that pertaining to the effect of inhibitors other than hydrogen ions: E + S * (ES/):, (1) (ES') Zf (ES'), +P', (2) (ES') k E + P'.
(ES') is the rapidly formed adsorption complex. The second complex, (ES'), is formed with liberation of the product P', and hydrolysis of this complex leads to regeneration of the enzyme and liberation of the product P'. The evidence now available indicates that only those forms of (ES') and (ES') lacking a proton which ionizes off at approximately neutral pH are capable of undergoing the reactions indicated in equations (2) and (3) . It is therefore necessary to consider the distribution of these complexes between their ionized and unionized forms: (ES') + H+ 2± (ES'H+),
Kj' = [ES'][H+]/[ES'H+], (4) (ES#) + H+ T± (ES'YH+), Ki' = [ES'][H+]/[ES#H+].
(5) The quantities in square brackets represent the molar concentrations of the corresponding species. In equations (1) and (2) , (ES'), and (ES') represent the summation of both the ionized and unionized forms of the respective complexes. As will be discussed below, the assumption of a simple ionization process in equation (4) may be an oversimplification.
It was shown in an earlier publication2 that simple results susceptible of experimental verification are obtainable from this kinetic scheme if attention is confined to the early stages of the reaction. A slight modification of the resulting equations is necessitated by the fact that the pH dependence of the rate of reaction (2) must be included. A summary of the equations which will be useful in the discussion of the experiments reported in the present paper follows. k3'(app.) k2' k3' (10) It is important to note that ordinary kinetic observations, made after the decay of the exponential term in equation (6) , will in general lead to apparent kinetic constants which are composites of true kinetic constants. Niemann and his co-workers' in their classical work on the specificity and mode of action of chymotrypsin have used derivatives of aromatic amino acids and their structural analogues as substrates. We have extended some of their observations on the hydrolysis of esters and amides of tyrosine derivatives and have also studied the chymotrypsin-catalyzed hydrolysis of nitrophenyl esters. This latter reaction was discovered by Hartley and Kilby,6 and some of its applications to the study of the mode of action of chymotrypsin have been described by Balls and his coworkers.7
The experimental information recorded in this paper was obtained by a novel approach to the problem of enzyme kinetics, involving the use of spectrophotometric fast-reaction techniques to study the kinetics of the establishment of the steady state. Gutfreund8 has shown recently how the elegant stopped-flow tech-niques of Chance and Gibson can be employed to follow the steps involved in the formation and decomposition of enzyme-substrate complexes in hydrolytic systems. Although the fast-reaction techniques in their present state of development do not permit the attainment of the experimental accuracy realizable in kinetic studies on slower processes, nevertheless it has been found to be possible to obtain data which add materially to our understanding of the mechanism of chymotrypsin action.
EXPERIMENTAL METHODS AND RESULTS
All experiments were carried out at 250, in solvents containing 20 per cent (V/V) isopropyl alcohol and 0.1 M NaCl. pH measurements were made with a glass electrode, using a pH 7.0 aqueous phosphate buffer as standard. Two enzyme preparations, several times recrystallized, were employed. (The enzyme preparations were kindly supplied by B. S. Hartley and J. I. Harris, of the University of Cambridge.)
The Initial Adsorption
Step.-Gutfreund8 has shown how the method of "initial acceleration" can be employed to estimate ki of equation (1 Experiments with 2,4-Dinitrophenyl Acetate.-Our previously reported2 measurements with p-nitrophenyl acetate have been extended by kinetic observations of the hydrolysis of 2,4-dinitrophenyl acetate. The low pK of dinitrophenol makes it possible to perform experiments at lower values of pH than can be employed with p-nitrophenyl acetate. The experimental procedure was exactly as previously described. All solutions were buffered by 0.05 M phosphate.
The low solubility of the substrate prevented the use of values of [S]o higher than 1.5 X 10-3 M, which is approximately the value of Km for this system. This, together with the difficulties of the fast-reaction technique, has made it impossible to secure values of Km and k2' which are as reliable as is desirable in enzyme work; the accuracy obtained is, however, adequate for our present purposes.
Experiments were carried out in the pH range 6.1-7.2. In all cases the formation of the steady-state concentration of (ES') was found to follow first-order kinetics, as would be expected from the form of equation (6) . Several runs were made at each value of [S]o and pH, and the rate constants were averaged. Eadie plots for three values of pH are given in Figure 1 . Since in this system k2' > k3', these plots lead directly to values for k2' and Km. The experimental data are summarized in Table 1 variation of k2' with hydrogen-ion concentration is indicated by the plot in Figure  2 , the data for these experiments being indicated by open circles. Experiments in p-Nitrophenol Buffer.-Two sets of measurements of the second stage in the hydrolysis of p-nitrophenyl acetate were made, using 10-3 M p-nitro-phenol as buffer at pH 6.6. In these experiments the primary aim was to determine the amount of hydrogen ions taken up or liberated during the reaction, so that it was necessary to calibrate the optical system by means of standard solutions of p-nitrophenylate ion. An individual run from one set of measurements is reproduced in Figure 3 . The solid line is calculated as the superposition of an exponential and a linear term, the latter being due to the final steady-state liberation of hydrogen ions plus electrical drift, and the circles are observed data. A sufficiently accurate estimate of the total color change is obtained by extrapolating the linear portion of the record back to the time of starting the reaction.
The results of these experiments are given in Table 2 . The two sets of measurements agree well in indicating a loss by the buffer of very nearly one-half mole of protons per mole of enzyme present.
Since the enzyme was present in relatively high concentration, a blank experiment was performed to show that the enzyme itself exerted very little buffering action in the absence of the substrate. One-hundredth of a milliliter of a 10-2 M solution of p-nitrophenol in isopropyl alcohol was added to 2.5 ml. of a solution containing p-nitrophenol and enzyme at pH 6.6 in the same concentrations as in the experiments of Table 2 . The observed increase of 0.021 in the optical density of the solution corresponds to an increase of 1.1 X 10-6 M in the concentration of p-nitrophenylate ion, whereas the added p-nitrophenol amounted to 4 X 10-5 M.
Since only a negligible fraction of this increase in color is due to imperfect buffering by the p-nitrophenol originally present, this blank experiment shows that approxi-mately one-fortieth of the color change observed in the experiments in Table 2 was due to buffering by the enzyme in its original state. Experiments with Acetyl-L-Tyrosinamide.-In order to make a comparison of the pH dependence of chymotrypsin-catalyzed hydrolysis of esters and amides, it was necessary to extend the measurements of Thomas, MacAllister, and Niemann'I on the steady-state kinetics of the hydrolysis of acetyl-L-tyrosinamide to the acid side of pH 6.6. In these experiments the composition of the reaction mixtures was the same as that used in the experiments with dinitrophenyl acetate, except that 0.025 M maleate buffers were employed.
(The acetyltyrosinamide used in much of this work was kindly supplied by Miss L. K. Mee.) Initial substrate concentrations in the range 2-23 X 10-8 M were employed, the upper limit being imposed by the solubility of the substrate. Sincethe apparent Michaelis-Menten constant for this system in the solvent we employed is approximately 10-1 M, it is evident that the situation is extremely unfavorable for obtaining accurate values of Km(app.) and k3'(app.) [E] o (see eqs.
[8]- [10] ). hydrolyzed. The rates given are therefore Measurements were made at various values of the pH in the range 5.6-7.5; the results at three values of the pH are given in the form of Eadie plots in Figure 4 . As shown in the discussion below, it is very probable that for this system k3' > k2I, so that the constants obtained from these Eadie plots are actually k2'[E]o and Km. The values of these constants are summarized in Table 3 At a recent conference'2 on enzyme mechanisms a number of authors summarized evidence that both the hydroxyl group of a serine residue and the imidazole group of a histidine residue are at least part of the catalytic site of the hydrolytic enzymes trypsin, chymotrypsin, and cholinesterase. The work described in this paper is part of a program designed to identify the nature and sequence of the chemical reactions which occur between the substrate and the catalytic groups on the enzyme. Through our studies of the reactions of chymotrypsin with p-nitrophenyl acetate and 2,4-dinitrophenyl acetate, we have developed a method which allows us to investigate separately the kinetics of the second and third steps of the enzyme reaction described in equations (2) and (3). Furthermore, we have made an attempt to determine which step is rate-controlling for reactions of chymotrypsin with two of its specific substrates, acetyl-L-tyrosine ethyl ester and amide.
Two important conclusions about the mechanism of chymotrypsin reactions, in addition to those discussed in our previous paper, can be drawn from the experimental results presented here. In the first place, the acylation reaction, in addition to the hydrolysis of the acylated enzyme, is inhibited by the protonation of a basic group on the catalytic site; in the second place, the pK of this basic group is changed to a higher value as a result of the acylation of the enzyme.
The form of the pH dependence of k2' shown in Figure 2 indicates a value of approximately 6.7 for pK,', where Ki' is the inhibition constant defined in equation (4). It is, however, not clear whether the change of rate with pH can be represented by a simple titration curve or whether there is a more sudden drop in rate between pH 6.7 and 6.4 than can be accounted for by a simple titration curve. In this connection, it may be noted that our previous work with p-nitrophenyl acetate indicated only a small change in k2' between pH 7.7 and 6.5. A considerable volume of experimental data will be required to settle this point, and at present it must be accepted that the assumption of a single classical ionization in equation (4) is not strongly supported by experiment. We have previously shown that the third step of the reaction sequence-the hydrolysis of the acyl enzyme-is controlled by a group with pKi' = 7.3 (cf. eq.
[5]).
Additional insight into the mechanism of the catalysis was obtained from experiments designed to demonstrate whether hydrogen ions are liberated or taken up during the reaction of the enzyme with p-nitrophenyl acetate. These experiments are summarized in Table 2 .
If the acetylation of the enzyme takes place at an -SH or an -OH group, the reaction controlled by the rate constant k2' is E -SH + 02NC6H40CO-CH3 E-S.CO-CH3 + 02N.C6H4'OH. (12) In general, the pH will be such that part of the colorless p-nitrophenol formed will undergo ionization, but if the solution is well buffered by p-nitrophenol, all the protons so formed will be taken up by p-nitrophenylate ions and there will be no increase in the concentration of the colored species.'3 On the other hand, if the acetylation involves a protonated (or partially protonated) group, the reaction is E = NH2 + 02N*C6H40-CO-CH3 -> E = N*CO*CH3 + H+ + 02N*C6H4.OH, (13) and there should be a decrease in the concentration of the colored p-nitrophenylate ion, the extent of the decrease depending on the extent of protonation of the group which becomes acetylated.
The data for the two experiments summarized in Table 2 show that the concentration of p-nitrophenylate ion actually increased, indicating a net loss of protons from the buffer to the extent of approximately one-half mole of proton per mole of enzyme. This result makes it appear most unlikely that a basic group is acetylated, since at pH 6.6 any basic group in the enzyme would be at least partly protonated.
The conclusion cannot be avoided that the protons removed from the buffer are taken up by the enzyme. In view of the fact that the enzyme exerts only a negligible buffering action in its initial state, it is necessary to assume that the pK of some group on the enzyme is increased by the acetylation step. In the case of dinitrophenyl acetate, the rate of the acetylation step is controlled by the extent of protonation of a group having a pK of approximately 6.7, while the subsequent hydrolysis of the acetylated enzyme is controlled by a group having a pK of 7.3. These facts strongly suggest that these two groups are one and the same, and that it is this group which takes up protons following the acetylation. It can be readily shown that if a group with a final pK of 7.3 takes up one-half mole of protons per mole at pH 6.6, as a result of a change in pK, its initial pK is approximately 6.4. A value of pKi' of this magnitude may not be inconsistent with our earlier work on p-nitrophenyl acetate.
The results of the measurements of the chymotrypsin-catalyzed hydrolysis of acetyl-L-tyrosinamide over the pH range 5.6-7.5 are plotted as filled circles in Figure  2 . It can be seen clearly that the pH dependence of the rate of amide hydrolysis is markedly similar to that of the acylation step in the reaction with dinitrophenyl acetate, even to the indication of anomalous behavior between pH 6.6 and 6.4. This similarity gives support to the suggestion that the formation of (ES') is the rate-determining step in the amide hydrolysis. The fact that the over-all rate of the chymotrypsin-catalyzed hydrolysis of acetyltyrosine ethyl ester is approximately 1,000 times larger than that of the corresponding amide is also readily explained on the basis of this suggestion.
Hammond and Gutfreund' have found pK, = 6.85 for the over-all ester hydrolysis. It appears that the considerably higher rate of the acylation step with the ester substrate brings about a situation in which k2 and k3 are of the same order of magnitude, with a consequent contribution of both steps to the control of the overall rate.
* Imperial Chemical Industries Research Fellow of the University of Cambridge. 2, 1956 In recent years an increasing body of information has accumulated on compounds of great biological importance, named by some "sialic acid," by others "neuraminic acid," "gynaminic acid," "hemataminic acid," "lactaminic acid," or "serolactaminic acid."' These substances, believed to be identical and referred to here as "sialic acid," are encountered as an important constituent of many mucoids, of complex lipids, and of certain oligosaccharides. Sialic acid has been reported in serum, urine, saliva, meconium, brain, milk, colostrum, mammary gland, etc. Increases in serum sialic acid have been established in the presence of inflammatory diseases and cancer. The acid plays a key role in influenza virus hemagglutination. Although the structure of sialic acid has been the object of study in many laboratories, twenty years of activity on the problem have not brought a satisfactory answer. Chief obstacles to success were the difficulty in preparing the naturally occurring material in large quantity and the inability to degrade it to identifiable products. The acid can be isolated after weak acid hydrolysis as well as enzymatic hydrolysis of the proper starting materials. Some investigators have obtained the deacetylated methyl glycoside by metanolysis and hydrolysis. However, enzymatic degradation is preferable for obtaining the compound in good yield and as it probably occurs in nature. Work in this laboratory was undertaken following the isolation of an apparently homogeneous mucoid from submaxillary gland' and the hydrolysis of it by an extract of pneumococci.4 The present communication deals with attempts to establish the mecha-
